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CVD diamond films useful for radiation detec- 
tors comprise diamond films having an average 
grain size of at least 7 microns and contain 
minimal hydrogen, which may be grown on 
substrates having deposited diamond films of a 
similar grain size. The diamond films of the 
present invention have a carrier mobility of at 
least 1,000 cmW-sec, a carrier lifetime of at 
least 100 psec and less than 200 nsec, yielding a 
collection distance of at least 10 microns at an 
electric field strength of 10 4 V/cm, and a resis- 
tivity of at least 10 10 fi-cm. A surface radiation 
detector and a bulk radiation detector are fabri- 
cated using the CVD diamond materials of the 
present invention. A chemical-vapor-deposition 
method is disclosed for producing diamond 
materials suitable for use as radiation detectors 
according to the present invention. The 
diamond material of the present invention is 
grown on a suitable substrate material, such as 
large-grain polycrystalline diamond, single 
crystal diamond, diamond particulate compo- 
sites and other non-diamond substrates that 
allow for large grain growth. A NIRIM style CVD 
reactor having a reactor chamber volume of 
about 300 in 3 , may be used. Microwave energy 
of 2.45 GHz at a power level of between about 
1,400 to 1,900 watts is introduced to create a 
plasma in the region of a substrate holder and 
achieve a substrate temperature of between 
about 800-1 ,000°C. The reaction may be carried 
out in an atmosphere of 300 seem of hydrogen, 
3 seem of methane, and 4.5 seem of carbon 
monoxide at pressures from 90-100 Ton, and 
substrate temperatures of 800-1000° C. 
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BACKGROUND OF THE INVENTION 

1. Field Of The Invention 

The present invention relates to chemical vapor 5 
deposited diamond materials. More particularly, the 
present invention relates to CVD diamond materials 
suitable for making detectors for detecting radiation, 
such as x-rays, gamma rays, ultraviolet, high energy 
particles, and the like, and to processes for fabricat- w 
ing such materials. 

2. The Prior Art 

Materials comprising doped silicon junctions 15 
have been used as radiation detectors. The closest 
known prior art is the use of natural diamond for de- 
tectors for detecting radiation, such as ultraviolet, x- 
rays, gamma rays, high energy particles, and the like. 

The use of natural diamond as a radiation detec- 20 
tor is no new. Hofstader described diamond detectors 
in a 1949 issue of Nucleonics. In fact, the first solid 
state detector used was natural diamond, presum- 
ably, because sizable crystals of natural diamond 
were more readily available than crystals of silicon or 25 
germanium. Such a detector detects radiation which 
is capable of producing free current carriers in dia- 
mond. Typically, such radiation includes light and en- 
ergetic particles which have energies greater than 
5.45 eV. 30 

Despite its early development, natural diamond 
did not find wide spread use as a radiation detector 
due to several disadvantages associated therewith. 
First, natural diamond is obviously prohibitively ex- 
pensive in large-sized crystals. Second, the large re- 35 
sistivity of natural diamond causes a buildup of trap- 
ped charge when the diamond is exposed to radia- 
tion. The inevitable presence of impurities and crystal 
defects cause some amount of the ionized charge to 
be trapped. Since, in a large band-gap material like di- 40 
amond, some of the trapping centers may be far be- 
low the conduction band, the trapping time is very 
long. Therefore, charge builds up and causes a reduc- 
tion in the effective collection field. Third, because 
natural diamond contains a large amount of impuri- 45 
ties, particularly nitrogen, the carrier lifetime is short 
and the collection efficiency for a moderately thick 
detector is small. 

Kozlov et al. have extensively studied natural di- 
amond as a radiation detector. They measured the re- so 
sponse of natural diamond to alpha particles and de- 
termined the energy resolution. In addition, they 
found that the carrier lifetime is a function of the ni- 
trogen impurity concentration. For diamond with a ni- 
trogen concentration less than 10 19 /cm 3 , the meas- 55 
ured lifetimes were greater than 1 nsec. The resis- 
tance of the diamond detectors to radiation damage 
caused by neutrons was also measured. 



A technology for fabricating synthetic diamond 
materials by chemical vapor deposition (CVD) has re- 
cently been developed. This technology has the po- 
tential for solving these problems and allows diamond 
to be grown in large sheets at a reasonable cost. Al- 
though it has been theoretically feasible to fabricate 
commercially-acceptable radiation detectors from 
synthetic CVD diamond materials to avoid the inher- 
ent problems associated with natural diamond, to 
date there have been no successful attempts at pro- 
ducing CVD diamond radiation detectors having com- 
mercially-useful characteristics. 

Recently, researchers at Livermore National Lab- 
oratory and Stanford University have succeeded in 
measuring signals in CVD diamond exposed to a flux 
of synchrotron radiation X-rays from SPEAR. The di- 
amond samples were uniformly illuminated by a 350 
psec pulse of X-rays. The lifetimes of generated car- 
riers were determined by measuring the decay time 
of the signal and the mobilities of the carriers were 
determined by measuring the amplitude of the signal 
which is proportional to the product of the mobility 
and the carrier lifetime. 

Two sets of samples, produced by two different 
CVD processes, were used in these measurements. 
In one sample, the grain sizes were 0.6 to 1.5 mi- 
crons. Carrier lifetimes from 90 to 300 ps and mobili- 
ties from 0.01 to 1 .0 cm 2 /V-s were measured for these 
samples. In the second set of samples, the grain si- 
zes were 4 to 20 microns. In these samples, carrier 
lifetimes from 150 to 200 ps and mobilities from 100 
to 1 000 cm 2 /V-s were observed. Although these stud- 
ies have demonstrated that process improvements 
can improve the electrical characteristics of the sam- 
ple, they still do not demonstrate commercially-ac- 
ceptable CVD diamond detector material. 

In order to attain detector-quality CVD diamond, 
carrier lifetimes and mobilities will have to be im- 
proved. The present low carrier lifetimes are likely due 
to defects within individual crystals. Measurements 
have also verified that there is a strong correlation 
between nitrogen concentration and carrier lifetime. A 
piece of natural diamond with a nitrogen concentra- 
tion of 2 x lO^/cm 3 had a carrier lifetime of 300 psec. 

It seems likely, therefore, that if the purity of the 
diamond is high, the carrier lifetime will be sufficiently 
long. The purity required to achieve high carrier life- 
times can be attained with the CVD process. The re- 
maining problem is to reduce the crystal defect den- 
sity in CVD diamond. 

Further work by this group has involved diamond 
CVD deposition on substrates other than silicon and 
routine analysis of samples provided by manufactur- 
ers on bulk and surface properties of the samples. In 
order to attain consistently high quality diamond at 
low cost, a reasonable substrate must be found and 
its properties measured. In addition to the work de- 
scribed above, researchers from Rutgers University 
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and Ohio State University have observed charged 
particle tracks from a and p sources using high- 
pressure synthetic single crystal diamond. This dia- 
mond had a large nitrogen concentration and, there- 
fore, a short carrier lifetime. As a result, the observed 
pulse heights for both the a and p sources was about 
5% of that expected from the calculated energy loss. 

Although this particular sample is unsatisfactory 
as a radiation detector, this work demonstrates that 
the capability exists for detecting signals from a single 
charged particle traversing a layer of diamond a few 
hundred microns thick. In fact, for a diamond detector 
with high collection efficiency, the signal size will be 
20 times larger. 

The provision of such CVD diamond radiation de- 
tectors would provide a unique opportunity for inves- 
tigating a new unexplored energy region in high- 
energy physics. Experiments using such detectors in 
tracking detectors and calorimeters could be capable 
of definitive searches for the Higgs, supersymmetry, 
technicolor, compositeness, etc., which so far have 
eluded experimental detection, as well as the ability 
to recognize unanticipated phenomena. The signa- 
tures for new physics include the production of high 
transverse momentum leptons, jets and missing ener- 
gy. For example, Higgs searches require lepton and 
jet reconstruction while supersymmetry and techni- 
color searches require finely segmented hermetic 
calorimetry to determine the missing energy. 

Further, since the scale of these new interactions 
is unknown, hydron colliders operating at a luminosity 
in excess of 10 34 cm~ 2 sec- 1 would be a very desirable 
property. A detector that can function at this luminos- 
ity will have to operate in a very high radiation envir- 
onment and must be able to handle extremely high 
event rates. No existing detector technology com- 
pletely fulfills these requirements. As a result, a gen- 
eric detector based on present-day technology will 
have unwanted compromises. 

It is therefore an object of the present invention 
to provide a CVD diamond material having properties 
which make it suitable for use as a radiation detector 
element. 

A further object of the invention is to provide a 
commercially-acceptable radiation detector incorpor- 
ating a CVD diamond detector element. 

Yet another object of the invention is to provide a 
fabrication process for a CVD diamond material hav- 
ing properties which make it suitable for use as a ra- 
diation detector element. 

BRIEF DESCRIPTION OF THE INVENTION 

The present invention comprises a radiation de- 
tector based on the novel use of diamond technology 
to survive in a high radiation environment and meth- 
ods for fabricating such detectors. The diamond de- 
tectors of the present invention detect radiation .which 



is capable of producing free current carriers in dia- 
mond. Typically, such radiation includes light and en- 
ergetic particles which have energies greater than 
5.45 eV. 

5 According to a first aspect of the present inven- 

tion, CVD diamond films useful for radiation detectors 
comprise diamond films having an average grain size 
of at least 7 microns, and preferably at least 15 mi- 
crons. The grain size of the best material produced to 

10 date has been 1 5 microns. The films of the present in- 
vention are typically grown on substrates having de- 
posited diamond films of a similar grain size. The di- 
amond materials of the present inventions preferably 
contain no more than minimal amounts of nitrogen. 

15 The diamond films of the present invention have 
a carrier mobility of at least 1 ,000 cm 2 /V-sec, a carrier 
lifetime of at least 100 psec and less than 200 nsec, 
yielding a collection distance of at least 10 microns at 
an electric field strength of 10 4 V/cm. The diamond 

20 films of the present invention have a resistivity of at 
least 10 10 n-cm. Measurements of the surface layer 
by time resolved photoconductivity indicate combined 
mobilities as high as 4000-5000 cm2/V-sec and car- 
rier lifetimes of as high as 1500 picoseconds. 

25 According to a second aspect of the present in- 

vention, radiation detectors are fabricated using the 
CVD diamond materials of the present invention. A 
surface radiation detector comprises a diamond film 
grown according to the teachings of the present in- 

30 vention. The diamond film should have a minimum 
thickness of about 1 microns and an area of at least 
about 1 mm 2 . The maximum thickness of such a dia- 
mond film is relatively unimportant, since only the 
surface layer is utilized. 

35 According to a first embodiment, a set of first par- 

allel conductive strips and a second set of parallel 
conductive strips, offset from and spaced apart from 
the first set of parallel strips, are disposed on the sur- 
face of the diamond film. The conductive strips pre- 

40 ferably comprising a deposited titanium/gold film. A 
plurality of active detector areas comprises the re- 
gions between pairs of first and second conductive 
strips. According to a second embodiment, a plurality 
of parallel conductive strips, preferably comprising a 

45 titanium/gold film layer, are disposed on the surface 
of the diamond film and spaced apart by a selected 
active region distance. Alternating ones of the con- 
ductive strips are electrically connected to one an- 
other, preferably by one of two regions of the titani- 

50 um/gold film layer disposed adjacent to the periphery 
of the measuring area of the film and running ortho- 
gonal to and in contact with alternating ones of the 
conductive strips to form an interlaced comb-like pat- 
tern. 

55 A bulk radiation detector according to the present 

invention comprises a block of diamond film having 
an upper surface and a lower surface, and having a 
thickness of between about 10 microns and several 



3 



5 



EP 0 582 397 A2 



6 



hundred microns. According to a first embodiment, an 
upper layer and a lower layer of conductive film, pre- 
ferably comprising a deposited titanium/gold layer, 
are respectively disposed over an area of about 1 
mm 2 or larger on each of the upper and lower surfac- 
es of the block of diamond film. The upper and lower 
film layers are aligned to one another. According to a 
second embodiment, a layer of conductive film, pre- 
ferably comprising a deposited titanium/gold layer, is 
disposed over an area of about 1 mm 2 or larger on one 
of the upper and lower surfaces. A plurality of spaced 
apart parallel conductive strips are disposed on the 
other one of the upper and lower surfaces of the 
block. 

According to a third aspect of the present inven- 
tion, a chemical-vapor-deposition method for produc- 
ing diamond materials suitable for use as radiation de- 
tectors is disclosed. The diamond material of the 
present invention is grown on a suitable substrate ma- 
terial. Appropriate substrates include large grain poly- 
crystalline diamond, single crystal diamond, diamond 
particulate composites and other non-diamond sub- 
strates that allow for large grain growth. 

According to the present invention, detector-gra- 
de diamond can be grown using microwave plasma 
CVD techniques. Diamond materials according to the 
present invention have been successfully grown in a 
NIRIM-styie microwave plasma CVD reactor having a 
reactor chamber volume of about 300 in 3 . Microwave 
energy of 2.45 GHz at a power level of between about 
1,400 to 1,900 watts is introduced into the reactor 
chamber to create a plasma in the region of a sub- 
strate holder and achieve a substrate temperature of 
between about 800-1, 000°C. The reaction may be 
carried out in an atmosphere of hydrogen, methane, 
and carbon monoxide. Detector grade diamond has 
been grown using gas flow rates of 300 seem of hy- 
drogen, 3 seem of methane and 4.5 seem of carbon 
monoxide at pressures from 90-100 Torr and sub- 
strate temperatures of 800-1000° C. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a photomicrograph of CVD diamond ma- 
terial produced according to the present invention. 

FIG. 2 is a diagram of a top view of a surface ra- 
diation detector according to a first embodiment of the 
invention. 

FIG. 3 is a diagram of a top view of a surface ra- 
diation detector according to a second embodiment of 
the invention. 

FIG. 4 is a diagram of a cross section of a bulk ra- 
diation detector according to a first embodiment of the 
invention. 

FIG. 5 is a diagram of a cross section of a bulk ra- 
diation detector according to a second embodiment of 
the invention. 

FIG. 6 is a face view of a shower head gas deliv- 



ery apparatus suitable for use in the present inven- 
tion. 

DETAILED DESCRIPTION OF A PREFERRED 
5 EMBODIMENT 

Those of ordinary skill in the art will realize that 
the following description of the present invention is il- 
lustrative only and not in any way limiting. Other em- 

10 bodiments of the invention will readily suggest them- 
selves to such skilled persons. 

According to the present invention, a novel CVD 
diamond material and radiation detectors made from 
the CVD diamond material are disclosed. The radia- 

15 tion detectors of the present invention can be made 
in larger dimensions -and at a lower cost than natural 
diamond detectors. The CVD diamond materials of 
the present invention have a major advantage over 
other suitable detector materials since it has the; high- 

20 est inherent resistance to radiation damage. In appli- 
cations where a high total radiation dose can be con- 
templated, CVD diamond radiation detectors enable 
a large reduction in detector size compared to other 
solid-state detectors. The CVD diamond materials of 

25 the present invention are also an obvious choice as 
an ultraviolet detector due to their large band gap (i.e., 
5.5 eV). 

Detector-grade diamond must have minimum 
electronic transport properties for the detector to 
30 function properly. By controlling CVD growth chemis- 
try and grain size during growth, CVD diamond with 
the appropriate electronic properties can be fabricat- 
ed. It has been found that CVD diamond material of 
the present invention can be grown with mobilities 
35 larger than and other pertinent properties better than 
those found in other CVD diamond and in natural di- 
amond materials. The CVD diamond material of the 
present invention have carrier lifetimes comparable to 
that of natural diamond. The fabrication of this super- 
40 ior diamond material may be accomplished using the 
combination of large grain size and deposition chem- 
istry disclosed herein. 

According to a first aspect of the present inven- 
tion, CVD diamond films suitable for use as surface 
45 radiation detectors have a minimum thickness of 
about 1 micron. Since only the upper surface is util- 
ized in such a detector, the upper thickness limit is 
based on practical process-time considerations. CVD 
diamond films suitable for use as bulk radiation detec- 
50 tors have a thickness of from between about 10 mi- 
crons to several hundreds of microns depending on 
the type of radiation to be measured and the desired 
response speed. In both instances, these films have 
an average grain size of at least 7 microns and pre- 
ss ferably around 15 microns, and contain minimal hy- 
drogen. 

The CVD diamond films of the present invention 
have advantageous electrical properties which make 
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them more suitable for use as radiation detectors 
than other CVD diamond films. The CVD diamond 
films of the present invention have a resistivity of at 
least 10 10 n-cm, a carrier mobility of at least 1,000 
cm 2 /V-sec, a carrier lifetime of at least 100 psec and 
less than 200 nsec, yielding a collection distance of 
at least 10 microns at an electric field strength of 10 4 
V/cm. FIG. 1 is a photomicrograph of a sample of CVD 
diamond material suitable for radiation detectors ac- 
cording to the present invention. 

According to a second aspect of the present in- 
vention, surface and bulk radiation detectors are fab- 
ricated using the CVD diamond materials of the pres- 
ent invention. A surface radiation detector comprises 
a diamond film grown according to the teachings of 
the present invention. The diamond film should have 
a minimum thickness of about 1 micron and an area 
of about 1 mm 2 or larger. The maximum thickness of 
the diamond film for use as a surface detector is rel- 
atively unimportant since only the top surface of the 
film is utilized. 

Referring first to FIG. 2, a first embodiment of a 
surface radiation detector 10 according to the present 
invention comprises a CVD diamond film 12 grown 
according to the present invention. A plurality of first 
conductive strips 14a, 14b, and 14c, offset from a 
plurality of second conductive strips 16a, 16b, and 
16c, are disposed on the detecting surface of the di- 
amond film 12. As described below, the conductive 
strips may preferably comprise a titanium/gold film. A 
plurality of active detector areas comprises the re- 
gions 18a, 18b, and 18c located between pairs of first 
and second conductive strips. In a typical embodi- 
ment, strips 14a and 16a may be 1 mm wide and may 
be offset from one another by spaces 18a and 18b of 
about 1mm. 

To fabricate the radiation detector of FIG. 2, the 
CVD diamond film is prepared by removing any non- 
electronic grade diamond or other material from the 
areas to be metallized for the active device. This may 
be accomplished using conventional materials proc- 
essing etch steps. 

Next, the prepared active surface of the detector 
is metallized with an appropriate metal pattern. As 
presently preferred, a set of first parallel conductive 
strips and a second set of parallel conductive strips, 
offset from and spaced apart from the first set of par- 
allel strips, are disposed on the surface of the dia- 
mond film. The conductive strips preferably compris- 
ing a deposited titanium film having a thickness of 
about 500 A followed by gold film having a thickness 
of about 1 0,000 A or a titanium film having a thickness 
of about 500 A, or a similar metal system. Electrical 
leads may be bonded to the metal films using conven- 
tional semiconductor processing techniques. The 
three separate detector devices depicted in FIG. 2 
could be either further diced into individual detectors 
or may be used as an array. 



A second embodiment of a surface detector is 
shown in top view in FIG. 3. The surface radiation de- 
tector 20 of the embodiment of FIG. 2 comprises a 
CVD diamond f ilm 22 grown according to the present 

5 invention. A plurality of first conductive strips 24a, 
24b, and 24c, interleaved with a plurality of second 
conductive strips 26a, 26b, and 26c, are disposed on 
the detecting surface of the diamond film 22. Strips 
24a-24c are joined at the periphery of the detector 

10 area by orthogonally disposed contiguous strip 24d 
and strips 26a-26c are joined at the periphery of the 
detector area by orthogonally disposed contiguous 
strip 26d . A plurality of active detector areas compris- 
es the regions located between pairs of first and sec- 

15 ond conductive strips. In a typical embodiment strips 
24a and 26a may be about 5 microns wide and may 
be separated from one another by about micron. 

To fabricate the surface detector of FIG. 3, a CVD 
diamond film grown according to the present inven- 

20 tion is prepared, as in the first embodiment, by remov- 
ing any non-electronic grade diamond or other mate- 
rial from the areas to be metallized for the active de- 
vice. 

A plurality of parallel conductive strips, preferably 
25 comprising a titanium/gold film layer, are disposed on 
the surface of the diamond film and spaced apart by 
a selected active region distance. Alternating ones of 
the conductive strips are electrically connected to one 
another, preferably by one of two regions of the tita- 
30 nium/gold film layer disposed adjacent to the periph- 
ery of the measuring area of the film and running or- 
thogonal to and in contact with alternating ones of the 
conductive strips to form an interlaced comb-like pat- 
tern. 

35 Referring now to FIG. 4, a cross sectional view of 

a first embodiment of a bulk radiation detector 30 ac- 
cording to the present invention is shown. Detector 30 
comprises a block 32 of diamond film having an upper 
surface 34 and a lower surface 36, and has a thick- 

40 ness of between about 10 microns and several hun- 
dred microns, depending on the application in which 
t h e detector will be used . An upper lay er of conductive 
film 38, preferably a titanium/gold film as described 
herein, is disposed on upper surface 34 of block 32, 

45 and a lower layer of conductive film 40 is disposed on 
lower surface 36 of block 32. 

According to the present invention, the embodi- 
ment of FIG. 4 may be fabricated by a process in 
which non-electronic grade CVD diamond material is 

so first removed from the surface of the already-grown 
bulk diamond film. This step may include removal of 
the silicon, molybdenum, or CVD diamond substrate 
layer prior to metallization. This step is performed us- 
ing conventional materials-processing etch steps. 

55 The upper and lower layers 38 and 40 of conduc- 

tive film are respectively disposed over an area of 
about 1 mm 2 or larger on each of the upper and lower 
surfaces of the block of diamond film. The upper and 
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lower metal film layers are aligned to one another. 

Referring now to FIG. 5 , a cross sectional view 
of a second embodiment of a bulk detector 50 accord- 
ing to the present invention is presented. As in the 
embodiment of FIG. 4, a layer of conductive film 40, 5 
preferably comprising a deposited titanium/gold layer, 
is disposed over an area of about 1 mm 2 or larger on 
the lower surface 36 of block 32. A plurality of spaced- 
apart parallel conductive strips 52a-52e are shown- 
disposed on the upper surface of the block 32. Strips 10 
52a-52e may be formed by etching a conductive layer 
such as layer 38 of FIG. 4 using conventional techni- 
ques. The embodiment of FIG. 5 comprises five sep- 
arate detectors sharing common lower conductive 
layer 40 between them. 15 

According to a third aspect of the present inven- 
tion a chemical-vapor-deposition method is present- 
ed for producing diamond materials suitable for use 
as radiation detectors according to the present inven- 
tion. The diamond material of the present invention is 20 
grown on a suitable substrate material. Appropriate 
substrates include large grain polycrystalline dia- 
mond, single crystal diamond, diamond particulate 
composites and other non-diamond substrates that 
allow for large grain growth. 25 

Key features of detector-grade CVD diamond film 
production involve utilizing the appropriate chemistry 
during growth and performing the growth process on 
appropriate substrates to allow for large-grain dia- 
mond growth. As presently preferred, appropriate 30 
substrates include large-grain polycrystalline dia- 
mond, single crystal diamond, diamond particulate 
composites such as diamond-silicon carbide, dia- 
mond-diamond, and diamond-boron nitride, and 
other non-diamond substrates that allow for large 35 
grain growth, such as silicon and molybdenum. 

Diamond-diamond, and diamond-non-diamond 
composite substrates suitable for use in the present 
invention may be fabricated by utilizing the methods 
taught in co-pending application serial No. 40 
07/704,997, filed May 24, 1991, and assigned to the 
same assignee as the present invention. This patent 
application is expressly incorporated herein by refer- 
ence. Silicon and molybdenum substrates may be 
prepared by diamond polishing as is known in the art. 45 

According to the present invention, detector-gra- 
de diamond can be grown on the disclosed substrates 
in a microwave plasma CVD system. Diamond mate- 
rials suitable for use as radiation detectors according 
to the present invention have been successfully so 
grown in a NIRIM style reactor. The CVD reactor used 
in the present invention should employ only quartz 
and molybdenum fixtures, and should employ only 
molybdenum components in the hot regions of the re- 
actor, and should be free of graphite fixtures and 55 
other graphite contamination. 

Such a reactor actually used to grow films accord- 
ing to the present invention has a reactor-chamber 



volume of about 300 in 3 and may preferably be equip- 
ped with a gas delivery system employing a shower- 
head fixture as shown in FIG. 6. As presently prefer- 
red, the showerhead has a generally circular delivery 
face having a diameter of about 3.5 inches. The de- 
livery face includes a plurality of gas delivery holes 
formed therethrough. The holes each have a diame- 
ter of about 0.020 inch and are equally spaced in a 
pattern comprising five concentric circles. Af irst inner 
circle having a diameter of about 0.5 inch includes 6 
holes; a second circle having a diameter of about 1.0 
inch includes 12 holes; a third circle having a diameter 
of about 1.5 inch includes 18 holes; a fourth circle 
having a diameter of about 2.0 inch includes 24 holes; 
a fifth circle having a diameter of about 2.5 inch in- 
cludes 30 holes. The showerhead is positioned in the 
chamber at 3.5 cm to 5 cm above the substrate. 

Microwave energy of 2.45 GHz at a power level 
of between about 1,400 to 1,900 watts is introduced 
into the reaction chamber using conventional wave- 
guides to create a plasma in the region of a substrate 
holder and achieve a substrate temperature of be- 
tween about 800-1 ,000°C as measured by a dual- 
frequency optical pyrometer. 

The reaction may be carried out in an atmosphere 
of 300 seem of hydrogen, 3 seem of methane and 4.5 
seem of carbon monoxide at pressures from 90-100 
Torr and substrate temperatures of 800-1000° C. 
Those of ordinary skill in the art will realize that gas 
flow rates may be adjusted for different-sized reac- 
tion chambers. 

The present invention allows for the fabrication 
and production of CVD diamond detectors. Diamond 
detectors can be utilized in a number of applications 
including, but not confined to radiation-detectors use- 
ful for higlvenergy physics applications and other 
similar high energy applications, radiation sensors for 
the medical community, detectors for commercial x- 
ray inspection of critical components, ultraviolet de- 
tectors for commercial analytical instruments and 
high energy physics experiments. CVD diamond de- 
tectors used in all of these areas will provide improved 
reliability and radiation tolerance of cur rent solid state 
detectors. Due to the nature of CVD diamond films, 
these detectors can easily be fabricated in large di- 
mensions and for a lower cost than natural diamond 
detectors. 

It is possible using the radiation detectors of the 
present invention to base key sections of tracking and 
calorimetry on diamond technology in high-energy 
physics experiments. These include a diamond 
charged particle tracking chamber (diamond tracker), 
diamond electromagnetic calorimeter, and diamond- 
tungsten hadron calorimeter all of which will reside in- 
side a 5 Tesla magnetic volume. Using the detectors 
of the present invention allows operation at luminos- 
ities above 10 34 cm~ 2 s- 1 in a hadron collider. More- 
over, limiting the number of distinct elements in a 
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compact detector should keep the final design simple 
and economical. 

To use the diamond radiation detectors disclosed 
herein, a few hundred volts are applied across a layer 
of diamond a few hundred microns thick. When a 
charged particle traverses the diamond, atoms at the 
crystal lattice sites are ionized, promoting electrons 
into the conduction band and leaving holes in the va- 
lence band. These charges are free to move about the 
crystal and drift across the layer in response to the 
applied electric field producing a signal pulse which 
can be preamplified and further processed into a de- 
tection signal. 

There are few systematic studies of radiation 
damage to diamond detectors. However, there is a 
study by Kozlov et al. which shows that a diamond de- 
tector can survive up to a few times 10 u neu- 
trons/err^, which is about two orders of magnitude 
higher than for silicon detectors. 

While embodiments and applications of this in- 
vention have been shown and described, it would be 
apparent to those skilled in the art that many more 
modifications than mentioned above are possible 
without departing from the inventive concepts herein. 
The invention, therefore, is not to be restricted except 
in the spirit of the appended claims. 



Claims 

1. A chemical-vapor-deposition diamond film hav- 
ing an average grain size of at least 7 microns and 
containing minimal hydrogen, said diamond film 
having a resistivity of at least 10 10 Q-cm, a carrier 
mobility of at least 1,000 cm 2 /V-sec, a carrier life- 
time of at least 100 psec and less than 200 nsec, 
yielding a collection distance of at least 10 mi- 
crons at an electric field strength of 10 4 V/cm. 

2. The chemical-vapor-deposition diamond film of 
claim 1 having a thickness of at least about 1 mi- 
cron. 

3. The chemical-vapor-deposition diamond film of 
claim 1 having a thickness of between about 10 
microns and 500 microns. 

4. A surface radiation detector comprising: 

a chemical-vapor-deposition diamond film 
having an average grain size of at least 7 microns 
and containing minimal hydrogen, said diamond 
film having a thickness of at least about 1 micron, 
a resistivity of at least 10 10 ft-cm, a carrier mobil- 
ity of at least 1 ,000 cm 2 /V-sec, a carrier lifetime 
of at least 100 psec and less than 200 nsec, yield- 
ing a collection distance of at least 10 microns at 
an electric field strength of 10 4 V/cm; 

a set of first parallel conductive strips and 



a second set of parallel conductive strips offset 
from and spaced apart from said first set of par- 
allel strips, disposed on a surface of said dia- 
mond film to form a plurality of active detector 
5 areas in regions between pairs of said first and 

second conductive strips thereon. 

5. A surface radiation detector comprising: 

a chemical-vapor-deposition diamond film 

10 having an average grain size of at least 7 microns 

and containing minima! hydrogen, said diamond 
film having a thickness of at least about 1 micron, 
a resistivity of at least 10 10 O-cm, a carrier mobil- 
ity of at least 1 ,000 cm 2 / V-sec, a carrier lifetime 

15 of at least 1 00 psec and less than 200 nsec, yield- 

ing a collection distance of at least 10 microns at 
an electric field strength of 10* V/cm; 

a plurality of parallel conductive strips dis- 
posed on a surface of said diamond film, individ- 

20 ual ones of said parallel conductive strips spaced 

apart by a selected active region distance, alter- 
nating ones of said conductive strips being elec- 
trically connected to one another. 

25 6. The surface radiation detector of claim 5 wherein 
said alternating ones of said conductive strips are 
electrically connected to one another by connec- 
tive conductive strips disposed at opposing ends 
of said active region, each of said connective con- 

30 ductive strips running orthogonal to and in con- 

tact with alternating ones of said conductive 
strips to form an interlaced comb-like pattern. 

7. A bulk radiation detector comprising: 

35 a block of chemical-vapor-deposition dia- 

mond film having a first surface and a second 
surface, and having a thickness of between 
about 10 microns and 500, an average grain size 
of at least 7 microns and containing minimal hy- 

40 drogen, said diamond film having a thickness of 
at least about 1 micron, a resistivity of at least 
10 10 n-cm, a carrier mobility of at least 1,000 
cm 2 / V-sec, a carrier lifetime of at least 100 psec 
and less than 200 nsec, yielding a collection dis- 

45 tance of at least 1 0 microns at an electric field 

strength of 10 4 V/cm; 

a first layer of conductive film disposed 
over said first surface of said diamond film; and 
a second layer of conductive film disposed 

50 over said second surface of said diamond film, 

said second layer substantially aligned to said 
first layer. 

8. A bulk radiation detector comprising: 

55 a block of chemical-vapor-deposition dia- 

mond film having a first surface and a second 
surface, and having a thickness of between 
about 10 microns and 500, an average grain size 
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of at least 7 microns and containing minimal hy- 
drogen, said diamond film having a thickness of 
at least about 1 micron, a resistivity of at least 
10 10 Q-cm, a carrier mobility of at least 1,000 
cm 2 /V-sec, a carrier lifetime of at least 100 psec 5 
and less than 200 nsec, yielding a collection dis- 
tance of at least 10 microns at an electric field 
strength of 10 4 V/cm; 

a first layer of conductive film disposed 
over said first surface of said diamond film; and w 

a plurality of spaced apart parallel conduc- 
tive strips disposed on conductive film disposed 
over said second surface of said diamond film, 
said plurality of spaced apart parallel conductive 
strips substantially aligned to said first layer of 15 
conductive film. 

A process for growing CVD diamond suitable for 
use as a radiation detector, comprising the steps 
of: 20 

providing a NIRIM style CVD reactor, said 
reactor employing only molybdenum components 
in hot regions thereof, and being substantially 
free of graphite; 

placing a substrate on a substrate holder 25 
in said reactor and closing said reactor; 

providing an atmosphere in said reaction 
chamber comprising about 300 seem of hydro- 
gen, about 3 seem of methane and about 4.5 
seem of carbon monoxide at a pressure of from 30 
about 90-100 Torn and 

providing microwave energy of 2.45 GHz 
at a power level of between about 1 ,400 to 1,900 
watts into said reactor so as to create a plasma 
in the region of said substrate holder and achieve 35 
a substrate temperature of between about 800- 
1,000°C for a time sufficient to grow a desired 
thickness of CVD diamond material. 
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